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Abstract

Objective: Megalencephalic leukoencephalopathy with cysts (MLC) is a genetic

infantile-onset disease characterized by macrocephaly and white matter edema

due to loss of MLC1 function. Recessive mutations in eitherMLC1 or GLIALCAM

cause the disease. MLC1 is involved in astrocytic volume regulation; GlialCAM

ensures the correct membrane localization of MLC1. Their exact role in brain

ion-water homeostasis is only partly defined. We characterized Glialcam-null

mice for further studies. Methods: We investigated the consequences of loss of

GlialCAM in Glialcam-null mice and compared GlialCAM developmental

expression in mice and men. Results: Glialcam-null mice had early-onset

megalencephaly and increased brain water content. From 3 weeks, astrocytes were

abnormal with swollen processes abutting blood vessels. Concomitantly,

progressive white matter vacuolization developed due to intramyelinic edema.

Glialcam-null astrocytes showed abolished expression of MLC1, reduced

expression of the chloride channel ClC-2 and increased expression and redistribu-

tion of the water channel aquaporin4. Expression of other MLC1-interacting

proteins and the volume regulated anion channel LRRC8A was unchanged. In

mice, GlialCAM expression increased until 3 weeks and then stabilized. In

humans, GlialCAM expression was highest in the first 3 years to then decrease

and stabilize from approximately 5 years. Interpretation: Glialcam-null mice

replicate the early stages of the human disease with early-onset intramyelinic

edema. The earliest change is astrocytic swelling, further substantiating that a

defect in astrocytic volume regulation is the primary cellular defect in MLC.

GlialCAM expression affects expression of MLC1, ClC-2 and aquaporin4, indicat-

ing that abnormal interplay between these proteins is a disease mechanism in

megalencephalic leukoencephalopathy with cysts.

Introduction

Megalencephalic leukoencephalopathy with subcortical

cysts (MLC; MIM 604004) is an autosomal recessive

disorder with onset in infancy.1,2 Patients present soon

after birth with increasing macrocephaly that stabilizes

after the first year.1 Magnetic resonance imaging (MRI)

shows signal abnormality and swelling of the cerebral

white matter.1 Subcortical cysts develop in the anterior

temporal and variably in the frontal and parietal
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regions. Diffusion-weighted imaging indicates highly

increased size of white matter water spaces.3 After

several years, patients with MLC develop slowly pro-

gressive cerebellar ataxia and spasticity.1,4 Slow and

mild cognitive decline ensues over the years. Almost all

patients have occasional epileptic seizures and status

epilepticus may occur. Follow-up MRI studies show

that over time the cerebral white matter becomes less

swollen and eventually atrophic. Brain biopsies reveal

countless small fluid-filled vacuoles within myelin

sheaths; vacuoles are also found in astrocytic endfeet

abutting capillaries.5–10

MLC is caused by mutations in the MLC1 or GLIAL-

CAM gene.11,12 GlialCAM is a protein chaperone ensur-

ing the correct membrane localization of MLC1.13

Recessive mutations in both genes cause loss of MLC1

function and an indistinguishable clinical phenotype.12,14

Dominant, heterozygous GLIALCAM mutations initially

lead to the same disease, but improvement occurs

afterward and the white matter abnormalities largely

disappear.12,14

In the human and mouse brain, MLC1 is exclusively

expressed in cells of astroglial lineage. MLC1 expression is

enriched in astrocytic processes contacting capillaries and

meninges and in cerebellar Bergmann glia.15–18 GlialCAM

shows a similar expression pattern, and is also expressed

in oligodendrocytes.17,19 Immunogold electron micro-

scopy shows that GlialCAM and MLC1 co-localize in

astrocyte–astrocyte junctions at astrocytic endfeet.13 Both

MLC1 and GlialCAM are associated with caveolae, which

are important in compartmentalization of components

involved in signal transduction, transport functions,

endocytosis, and transcytosis.20–23

Depletion of MLC1 in astrocytes reduces volume-regu-

lated anion channel currents (VRAC) and slows regula-

tory volume decrease after cell swelling.18,24 Similarly,

reduced GlialCAM expression results in defective VRAC

activation and augmented vacuolization, phenocopying

the consequences of MLC1 mutations.25 These findings

strongly support a role for MLC1 and GlialCAM in main-

taining brain ion–water homeostasis.

Brain tissue of MLC patients is extremely scarce for

MLC1 mutations and unavailable for GLIALCAM muta-

tions. Therefore, MLC mouse models are invaluable for

studying the cellular pathophysiology of this disease.

Mouse models of MLC have been generated that are defi-

cient in either MLC1 or GlialCAM.18,19,26 We have previ-

ously developed and phenotyped Mlc1-null mice, which

are a valid model of the human disease.18 Here, we phe-

notype a Glialcam-null mouse model19 and show that this

model also recapitulates important characteristics of

MLC. Additionally, we investigate GlialCAM temporal

expression in mice and humans.

Materials and Methods

Mutant mouse generation

The Glialcam mutants were generously provided by

Favre-Kontula et al.19 Briefly, the genomic sequence of

Glialcam was replaced by a cassette containing the coding

sequence of b-galactosidase (lac-Z) and Lox flanked neo-

mycin gene driven by a mammalian promoter (Fig. 1A).19

Homozygous Glialcam-LacZ mice are referred to as

“Glialcam-null mice”. Mlc1-null mice were employed for

comparison in selected experiments.18

Genotyping for routine maintenance was performed by

PCR (Table S1). Table S2 reports the number and ages of

the animals employed for each experiment. All experiments

were approved by the Animals Ethical Committee of VU

University in Amsterdam, in accordance with Dutch law.

Brain wet and dry weight

Brain water content was measured according to the wet/

dry mass method.27 Mice were sacrificed via cervical dis-

location. Brains were homogenized in premassed 1.5 mL

vials. Vials were massed and wet brain weight was calcu-

lated from the difference. Samples were dried in a vac-

uum centrifuge for 24 h at 40°C and subsequently

remassed to deliver dry weight.

Figure 1. Generation of the Glialcam-null mice. (A) Molecular

construct of the Glialcam-null mouse. (B) Immunofluorescence

staining for GlialCAM (red) and glial fibrillary acidic protein (GFAP)

(green) of the cerebral cortex of 8-month-old mice shows that

Glialcam-null mice express no GlialCAM, whereas wild-type animals

express the protein normally. In all pictures, nuclei are stained with

40,6-diamidino-2-phenylindole (DAPI) (blue). Bars = 50 lm.
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Bright field and fluorescence
immunohistochemistry

Immunohistochemistry was performed as described.18

Briefly, brains were perfusion-fixed with 4%

paraformaldehyde. One hemisphere was embedded in

paraffin and one hemisphere frozen at �80°C. Paraffin-
embedded tissue was stained with hematoxylin and eosin

(H&E) or incubated with primary antibodies after heat-

induced antigen retrieval in 0.01mol/L citrate buffer

(pH6). Immunopositivity was detected with 30,30-diami-

nobenzidine (DAB Substrate Kit, Vector Laboratories) as

chromogen. Frozen tissue sections were permeabilized

with 0.1% saponin, blocked in 5% normal donkey serum

and incubated with primary antibodies. After staining

with secondary antibodies (Alexa 488- and 568-tagged,

1:400), sections were counterstained with 40,60-diamidino-

2-phenylindole (DAPI, Molecular Probes, 10 ng/mL).

Details on primary antibodies are provided in Table S3.

In each experiment, negative controls were included by

omitting the primary antibody. Sections were pho-

tographed using a Leica DM6000B microscope (Leica

Microsystems BV, Rijswijk, The Netherlands).

Immuno-electron microscopy

Immuno-electron microscopy (immuno-EM) was per-

formed as described.18 Brains were immersion-fixed in

4% paraformaldehyde, cryoprotected, frozen at �80°C,
and cryosectioned into 40 lm-thick sections for free float

immunolabeling. After quenching endogenous peroxidase,

sections were treated with 1 freeze–thaw cycle and incu-

bated with primary antibodies (Table S3). Immunoreac-

tivity was detected by biotinylated goat antibody labeling,

avidin–biotin horseradish peroxidase complex formation

(VECTASTAIN ABC kit; Vector Laboratories, Burlin-

game, CA), and DAB precipitation. Sections were post-

fixed in 1% osmium tetroxide, 1.5% potassium

ferricyanide, dehydrated, and embedded in epoxy resin.

Cerebellar white matter DAB-positive regions were cut

into 80 nm sections for transmission EM analysis in a

JEOL1010 electron microscope (JEOL, Tokyo, Japan).

Digital images were taken with a side-mounted CCD

camera (Morada; Olympus Soft Imaging Solutions,

M€unster, Germany) and assessed with iTEM analysis soft-

ware (Olympus Soft Imaging Solutions).

Vacuole and astrocyte quantitative
morphology

Image series from brain sections stained with H&E or

against the glial fibrillary acidic protein (GFAP) was

obtained with a 9 40 objective. Quantification of

vacuoles and astrocytes morphology was performed blind

to the genotype using ImageJ. The percentage of cross-

sectioned area occupied by vacuoles was quantified in the

cerebellar and callosal white matter. The thickness of

perivascular astrocytic cell processes at the maximal width

was measured.

Human control brain tissue

Frozen brain tissue was collected at autopsy from 15 indi-

viduals aged 1 day to 30 years. The subjects had no neuro-

logical disease or confounding neuropathology (Table S4).

RNA isolation, quantitative PCR, sodium
dodecyl sulfate–polyacrylamide gel
electrophoresis and Western blotting

Total RNA was extracted from mouse whole brain and

human white matter with TRIzol (Invitrogen, Carlsbad,

CA). Reverse transcription to complementary DNA

(cDNA) was performed with SuperScript III reverse tran-

scriptase (Life Technologies). Quantitative PCR (qPCR)

was performed with a LightCycler 480 (Roche). Tran-

script-specific primers (Table S1) were designed using

PearlPrimer v1.1.19.28 Some primers were newly designed

with NCBI’s PrimerBLAST. None of the primersets

amplified genomic DNA. The PCR was performed on a

10 lL volume containing SYBR Green PCR Mix (Roche),

1 pmol primers and 1/10 volume of the cDNA reaction

sample. Relative abundance of transcript expression was

calculated using the cycle threshold value and normalized

to the internal controls (Gapdh and GAPDH in mouse

and human samples, respectively). Each reaction was per-

formed in duplicate.

Lysates of mouse whole brain and human white matter

were used for Western blotting as described.17 Samples

were diluted in 100 nmol/L potassium acetate, 3 mmol/L

magnesium acetate, 20 mmol/L Tris (pH7.4) and 100 lg of
total protein was run on a 12% polyacrylamide gel. In-gel

protein loading and sample transfer was checked with

2,2,2-Trichloroethanol as described.29 Membranes were

blocked with 5% nonfat-dry-milk and incubated with the

primary antibody (Table S3). After incubating with sec-

ondary antibody (Anti IgG Rabbit HRP labelled, 1:10000,

Dako), the signal was detected with an enhanced chemilu-

minescent substrate (SuperSignal West Femto Substrate,

Fisher Scientific, Landsmeer, The Netherlands) and imaged

with Image Studio on the LI-COR Odyssey Fc Imager.

Statistical analyses

Brain dry and wet weights were compared with two-way

ANOVA followed by Sidak’s multiple comparison test.
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Extension of white matter vacuoles was compared with

the unpaired Student t-test and Mann–Whitney U test.

Astrocyte process thickness was compared with the

Mann–Whitney U test. Data were processed with Prism

v4.0 (GraphPad, San Diego, CA). Probability values < 0.05

were considered significant.

Results

Validation of the Glialcam-null mouse
model

The molecular construction of the Glialcam-null mouse

(Fig. 1A)19 was validated by immunohistochemistry.

Staining brain sections of 7-month-old mice confirmed

that Glialcam-null mice expressed no GlialCAM, whereas

wild-type animals showed normal GlialCAM expression

(Fig 1B).

Glialcam-null mice have megalencephaly
with increased brain water content

Glialcam-null mice were vital and fertile and had a nor-

mal lifespan. Spontaneous motor activity, evaluated by

visual inspection, was not evidently different between

mutant and control mice. Glialcam-null mutants devel-

oped megalencephaly, macroscopically evident from

3 months of age (Fig. 2A). Their brain wet weight was

higher than controls from 3 weeks on and this difference

increased up to 12 months (Fig. 2B). No differences were

found in brain dry weight, indicating that the disparity in

brain weight between mutant and wild-type mice is due

to different water content.

Glialcam-null mice develop early white
matter vacuolization and intramyelinic
edema

Histopathology revealed large vacuoles throughout the

white matter of Glialcam-null mice, that were absent in

wild-type animals. In the gray matter, no vacuoles or

neuronal loss was observed. White matter vacuolization

was already prominent at 3 weeks in the cerebellum,

where it further increased at older ages (Fig. 3A). White

matter vacuoles were also noted in the corpus callosum,

but these were fewer and smaller than in the cerebellum

(Fig. 3B). Quantification confirmed these results (Fig. 3C

and D). Overall, white matter vacuolization paralleled the

degree of edema as indicated by wet weight.

Immunohistochemistry showed comparable myelin

immunoreactivity at all ages and in all white matter areas

of Glialcam-null compared to wild-type mice (Fig. 4A),

indicative of normal myelination and myelin

maintenance. At high magnification, vacuoles were

crossed by tissue strands immunopositive for the myelin

protein proteolipid protein (PLP, Fig. 4B), indicating

their intramyelinic location. By EM, vacuoles appeared as

optically empty spaces lined by a membrane (Fig. 4C), a

configuration compatible with vacuoles between the

lamellae of the myelin sheaths.

Glialcam-null mice show changes in
perivascular astrocytic morphology

Glialcam-null perivascular astrocytes had thicker cell pro-

cesses abutting blood vessels than wild-type astrocytes at

all ages analyzed (Fig. 5A). EM showed that perivascular

mutant astrocytes had swollen endfeet (Fig. 5B). Quantifi-

cation confirmed these results (Fig. 5C). In Glialcam-null

mice, perivascular astrocyte process thickness paralleled

brain wet weight at all ages.

Glialcam-null astrocytes do not express
MLC1 and show reduced expression of ClC-2

We surveyed MLC1, GlialCAM and ClC-2 expression in

wild-type and Glialcam-null astrocytes of 7-month-old

mice by immunohistochemistry. Wild-type astrocytes

showed enriched expression of MLC1, GlialCAM and

ClC-2 at endfeet abutting capillaries and contacting the

meninges, and in cerebellar Bergmann glia (Fig. 6A). In

Glialcam-null mice, ClC-2 expression in perivascular

astrocytic endfeet was reduced compared to controls and

abolished in Bergmann glia. No MLC1 expression was

found in Glialcam-null mutants.

Figure 2. Megalencephaly with increased brain water content in

Glialcam-null mice. (A) Glialcam-null mice have larger brains than

wild-type littermates, as shown for these 8-month-old animals. (B)

Measurements of brain wet and dry weight at postnatal day 7 (P7),

3 weeks (w), and at 3, 7, and 12 months (m; n = 3 per genotype per

age) show significantly increased brain wet weight (circles) in

Glialcam-null mice (solid line) compared to controls (dotted line) from

3 weeks (P = 0.98 at P7, P = 0.05 at 3 weeks, P = 0.0004 at

3 months). This difference continues to grow (P = 0.0004 at

7 months, P < 0.0001 at 12 months). No differences are present in

brain dry weight (squares) between Glialcam-null and wild-type mice.

Error bars indicate the standard error of the mean.
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Figure 3. White matter vacuolization in Glialcam-null mice. (A, B) Hematoxylin & eosin (H&E) stain of 3-week, and 3-, 7- and 12-month-old

animals shows vacuolization of the deep and subcortical cerebellar and to a lesser degree of the callosal white matter of Glialcam-null mice. No

vacuoles are seen in wild-type animals. Bars: 100 lm. (C,D) Quantification confirms significantly more prominent white matter vacuolization in

the cerebellum (C,) and corpus callosum (D) of Glialcam-null than of control animals at all ages. *P < 0.05, **P < 0.01 and ***P < 0.0001. Graph

bars represent the standard error of the mean.
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CLC-2 subcellular localization was investigated by

immuno-EM (Fig. 6B). Wild-type astrocytes expressed

MLC1, GlialCAM and ClC-2 at the endfeet with enrich-

ment along the cell membrane abutting the vascular basal

lamina and at astrocyte–astrocyte contacts. No GlialCAM

or MLC1 expression was found in Glialcam-null mice.

However, ClC-2 had retained its normal localization

around blood vessels of Glialcam-null mice.

Glialcam-null astrocytes show normal
expression of other MLC1-interacting
proteins, caveolin-1, and the VRAC
component LRRC8A

Expression of proteins allegedly associated or interacting

with MLC113,30–34 was evaluated by immunohistochemistry

in 7-month-old mice. Compared to wild-type animals,

expression of the water channel aquaporin4 was redis-

tributed along the cell bodies and processes of Glialcam-null

astrocytes (Fig. 7A). The potassium channel Kir4.1 was

unchanged in Glialcam-null compared to wild-type animals

(Fig. 7B). Additionally, no changes were seen between

Glialcam-null and wild-type mice in the expression of the

dystrophin-glycoprotein complex proteins a- and b-dystro-
glycan (Fig. 7C and D), the b1 subunit of the Na,K-ATPase
pump (Fig. 7E), the calcium-permeable channel TRPV4

(Fig. 7F), and the endothelial cell tight junction protein

zonula occludens-1 (ZO-1, Fig. 7G).

To investigate changes in subcellular localization of

these proteins, cerebellar tissue sections of 8-month-old

animals were analyzed by immuno-EM. No differences

were seen in their perivascular expression between

mutant and wild-type mice (Fig. 8A–C and E–G).
Redistribution of aquaporin4 along the cell bodies and

processes of Glialcam-null astrocytes was confirmed

(Fig. 8D).

We extended the immunohistochemical and immuno-

EM analysis to expression of the caveolar lipid raft pro-

tein caveolin-1 and the recently identified VRAC channel

component LRRC8A in wild-type, Glialcam-null and

Mlc1-null mice.18,35,36 We found no differences between

mutant and control animals (Fig. 9A and B).

Figure 4. Normal myelination and intramyelinic edema in the white matter of Glialcam-null mice. (A) Stain for the myelin-specific protein

proteolipid protein (PLP) of the cerebellum shows no differences in PLP staining intensity between Glialcam-null and wild-type white matter at all

ages analyzed, indicating that the mutant mice have no lack or loss of myelin. (B) Stain for PLP shows that the fine tissue strands crossing the

vacuoles are PLP-positive. (C) Ultrastructural analysis of the cerebellar white matter of 8-month-old Glialcam-null mice shows large vacuoles

surrounded by the outermost myelin lamellae of neighboring axons. The intramyelinic splitting occurs at the intraperiod line. Bars = 50 lm (A),

100 lm (B), 500 nm (C).
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Developmental GlialCAM expression in mice
and humans

To assess developmental GlialCAM expression, we analyzed

wild-type mice aged P0 to 12 months. Levels of GlialCAM

protein and Glialcam mRNA increased up to 3 weeks, with

no significant change thereafter (Fig. 10A and C).

To investigate GlialCAM developmental expression in

humans, we surveyed mRNA and protein levels in frontal

white matter of control subjects aged 1 day to 30 years.

GlialCAM mRNA and GlialCAM protein levels increased

in the first 3 years, then decreased to stabilize from

approximately 5 years on (Fig. 10B and D).

Discussion

Most previous studies on MLC1 function are based on

patient leukocytes, artificial cell systems and scarcely

available patient brain tissue obtained from biopsies and

one autopsy.5,6,8–10,15,21,30–34,37 To allow research on

MLC1 dysfunction in the intact brain, we previously

developed an Mlc1-null mouse that models the human

disease.18 Here, we phenotyped another MLC model, the

Glialcam-null mouse.

GlialCAM is a protein chaperone ensuring correct

localization of MLC1 on the membrane of astrocytes.13

Recessive mutations in MLC1 and GLIALCAM lead to

loss of MLC1 function causing indistinguishable clinical

phenotype and brain MRI abnormalities in patients.12,14

In agreement with this, Glialcam-null and Mlc1-null mice

show largely overlapping neuropathology. Both display

increased brain wet weight and white matter edema,

although with a different timeline. In Glialcam-null mice,

brain wet weight keeps increasing throughout life,

whereas in Mlc1-null mice it reaches a plateau at

7 months and slightly decreases afterward.18 In both

mutants, cerebellar white matter is the most severely

affected white matter area (Fig. 11A), although the vac-

uolization appears earlier, is more severe and progresses

more rapidly in Glialcam-null than in Mlc1-null mice. In

both mutants, the degree of cerebellar white matter vac-

uolization grossly parallels the generalized edema as indi-

cated by their brain wet weight.

In MLC patients, white matter edema develops and is

most pronounced in the first 2 years of life, when the

bulk of myelination occurs and MLC1 expression is

Figure 5. Glialcam-null perivascular astrocytes are swollen and have

thicker cell processes. (A) Glial fibrillary acidic protein (GFAP) stain

shows abnormal perivascular astrocytes with thick processes abutting

blood vessels (arrowheads) in the brains of Glialcam-null mice from

P21 onward as compared to wild-type mice. (B) EM characterization

of astrocytic morphology in the cerebellar white matter of 8-month-

old Glialcam-null mice shows that astrocytes have enlarged endfeet

around the blood vessels compared to wild-type animals. Asterisks

indicate perivascular astrocytic endfeet. BV = blood vessel. Bars:

100 lm (A), 1 lm (B). (C) Glialcam-null perivascular astrocytes have

significantly thicker cell processes abutting the blood vessels than

wild-type cells. Perivascular astrocytic process thickness slightly

increases between 3 and 7 and between 7 and 12 months in

Glialcam-null mice (n 100 processes per age, Mann–Whitney U test,

*P < 0.05, **P < 0.001, ***P < 0.0001). Graph bars represent the

standard error of the mean.
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highest.18 After that, white matter edema and MLC1

expression decrease. We now show that GlialCAM expres-

sion in the human brain is also highest in the first 3 years

of life, then decreases and stabilizes from 5 years onward.

Mice myelinate within the first month of life, during

which MLC1 and GlialCAM expression increases stee-

ply.18 Both Glialcam-null and Mlc1-null mice develop

megalencephaly by 3 weeks and white matter

Figure 6. Expression of MLC1, GlialCAM and ClC-2 in wild-type and Glialcam-null mice. (A) Double stain for GlialCAM (red) and glial fibrillary

acidic protein (GFAP, green) shows completely absent GlialCAM perivascular expression in astrocytic endfeet abutting a capillary in the fimbria of

Glialcam-null mice. Double stain for MLC1 (red) and GFAP (green) shows no MLC1 expression in astrocytic endfeet abutting capillaries in the

superior colliculus in Glialcam-null mice. Double stain for ClC-2 (red) and GFAP (green) shows reduced ClC-2 expression in perivascular astrocytic

endfeet in the corpus callosum and abolished ClC-2 immunoreactivity in the Bergmann glia of the cerebellar cortex in Glialcam-null mice. In all

pictures, the nuclei are stained blue with DAPI. Bars = 100 lm. (B) GlialCAM immunoreactivity lines the perivascular basal lamina and astrocytic

endfeet in wild-type mice, but is completely absent in Glialcam-null animals. MLC1 immunoreactivity abuts the vascular basal lamina and the

astrocytic endfeet processes in wild-type; no immunoreactivity is seen in Glialcam-null mice. ClC-2 immunoreactivity is found at the vascular basal

lamina and astrocytic endfeet processes in wild-type mice and also in Glialcam-null mice. In all images, the basal lamina is colored in light blue;

when duplicated, only the outermost is colored. Bars = 500 nm (B). BV = blood vessel.
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vacuolization occurs concomitantly or just afterward. In

contrast to MLC patients, however, MLC1 and GlialCAM

expression in mice remains high and white matter edema

persists in Glialcam-null and Mlc1-null mutants until late

in life. So, both in MLC patients and mutant mice, devel-

opment and severity of white matter edema and vac-

uolization initially parallel myelination, and at all ages

follow MLC1 and GlialCAM expression.

Figure 7. Expression of the MLC1-associated or -interacting proteins in Glialcam-null mice as detected by fluorescence immunohistochemistry.

(A) Double stain for aquaporin4 (AQP4, red) and glial fibrillary acidic protein (GFAP, green) shows AQP4 redistribution along the cell body and

processes of Glialcam-null astrocytes. (B) Double stain for Kir4.1 (red) and GFAP (green) shows no changes around blood vessels of Glialcam-null

compared to wild-type mice. (C,D) Double stain for a-dystroglycan (a-DG) or b-dystroglycan (b-DG, red) and GFAP (green) shows no differences in

the expression of both proteins in the molecular layer of the cerebellar cortex (C) and corpus callosum (D) between mutant and wild-type mice.

(E,F) Double stain for Na,K-ATPase subunit b1 or TRPV4 (red) and GFAP (green) shows comparable expression in Glialcam-null and wild-type

animals around large- and small-caliber blood vessels in the superior colliculus (E) and cerebellar white matter (F). (G) Double stain for ZO-1 (red)

and GFAP (green) shows comparable endothelial cell ZO-1 expression in capillaries in the corpus callosum of Glialcam-null and wild-type mice. In

all pictures, the nuclei are stained blue with DAPI. Bars = 200 lm (A), 100 lm (B-G).
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Figure 8. Distribution of MLC1-associated or -interacting proteins in Glialcam-null mice as detected by immuno-EM. (A) Kir4.1 immunoreactivity

abuts the vascular basal lamina in wild-type and Glialcam-null mice. (B) b-dystroglycan (b-DG) immunoreactivity is visible along the basal lamina of

wild-type and Glialcam-null mice. (C) Wild-type and Glialcam-null mice show AQP4 immunoreactivity along the vascular basal lamina. (D) AQP4

expression is redistributed along the astrocytic cell processes of Glialcam-null animals. (E) Wild-type and Glialcam-null mice show Na,K-ATPase

immunoreactivity along the vascular basal lamina. (F) TRPV4 immunoreactivity abuts the vascular basal lamina in wild-type and Glialcam-null mice.

(G) Wild-type and Glialcam-null mice show ZO-1 immunoreactivity along the vascular basal lamina. In all images, the basal lamina is colored in

light blue; when duplicated, only the outermost is colored. Bars = 500 nm (A–C, E–G), 1 lm (D). BV = blood vessel.
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Figure 9. Expression and distribution of caveolin-1 and the VRAC component LRRCA8 in wild-type, Glialcam-null and Mlc1-null mice. (A) Double

stain for caveolin-1 (red) and glial fibrillary acidic protein (GFAP, green) shows no differences in caveolin-1 expression in astrocytes and endfeet

around vessels in the fimbria between wild-type, Glialcam-null and Mlc1-null mice. (B) Wild-type, Glialcam-null and Mlc1-null mice show caveolin-

1 immunoreactivity along the vascular basal lamina by immuno-EM. (C) Double stain for LRRC8A (red) and GFAP (green) shows similar LRRC8A

expression around blood vessels in the dorsal brainstem of Glialcam-null, Mlc1-null and wild-type animals. (D) By immuno-EM, LRRC8A

immunoreactivity is visible along the basal lamina of wild-type, Glialcam-null and Mlc1-null mice. In all fluorescence immunohistochemistry

pictures, the nuclei are stained blue with DAPI. Bars = 100 lm (A,C). In all immuno-EM images, the basal lamina is colored in light blue; when

duplicated, only the outermost is colored. Bars = 500 nm (B,D). BV = blood vessel.
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In MLC patients, white matter edema is most severe in

the cerebral hemispheres, followed by the cerebellum; other

regions, including the corpus callosum, are relatively

spared.1 Mice have virtually no cerebral hemispheric white

matter; in both MLC mouse models, the cerebellar white

matter is first and most severely affected, much more than

the corpus callosum.18 So, compatible with the anatomic

differences, the distribution of the neuropathology is

conserved interspecies. The regional differences in white

matter vulnerability to loss of MLC1 function could be

explained by regional heterogeneity of astrocytes. Astro-

cytes express different types of ion channels and gap junc-

tional coupling within different brain regions, accounting

for different electrophysiological properties.38 MLC1

expression in mice is highest in the cerebellum,39 but regio-

nal expression of GlialCAM is unexplored.

Figure 10. GlialCAM expression in the mouse and human brain throughout life. (A,C) Western blotting (A) and qPCR (C) in P0 to 12-month-old

wild-type mice show that GlialCAM protein (lower panel, approximately 60 kDa) and GlialCAM mRNA levels show the most pronounced increase

up to P21 and then little further change. (B) Western blotting of frontal white matter lysates of normal human subjects shows that GlialCAM

protein levels (lower panel, approximately 60 kDa) are highest during the first 5 years of life, decrease and stabilize thereafter. In-gel

trichloroethanol (TCE, A and B, upper panels) confirms equal protein load. (D) Real-time qPCR analysis shows that relative GlialCAM mRNA levels

are also highest in early infancy and then decrease to stabilize at around 5 years of life. Notably, the 13-year-old subject with highest GlialCAM

mRNA levels had multiple injuries and succumbed after an unknown agonal time; no neuropathology was reported by the provider (National

Institute of Child Health and Human Development Brain and Tissue Bank for Developmental Disorders at the University of Maryland, Baltimore,

Maryland), but we cannot exclude presence of trauma-related brain edema and compensatory GlialCAM overexpression.
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As in MLC patients, the ultrastructural substrate of

white matter vacuolization both in Mlc1-null and in

Glialcam-null mice is intramyelinic edema. This coincides

with swelling of astrocyte endfeet, cell processes (Fig.

11B) and bodies. In Mlc1-null mice, astrocytic swelling

precedes myelin vacuolization.18 In Glialcam-null mice,

we additionally showed that the degree of white matter

vacuolization parallels the increased thickness of perivas-

cular astrocyte processes. These findings suggest a

sequence of events, where astrocytic swelling occurs first

and leads to intramyelinic water retention, in line with

the function of MLC1 in astrocyte volume regulation. In

patient lymphoblasts and Mlc1-null mouse astrocytes, loss

of MLC1 function decreases VRAC activity and slows reg-

ulatory volume decrease after cell swelling.18,24 Similar

results were obtained after GlialCAM ablation in wild-

type rat astrocytes.25 The swelling of astrocyte perivascular

processes and intramyelinic edema are both compatible

with a defect in these astrocyte functions. Besides MLC,

intramyelinic edema occurs in other human genetic

leukoencephalopathies.40 Intriguingly, swelling of white

matter astrocytes has been described in some of these dis-

orders, including maple syrup urine disease, hyperglycine-

mia and amino acidurias,41–44 suggesting that astrocyte

swelling might be a common precursor to intramyelinic

edema.

Our results confirm the association of MLC1 with

GlialCAM and ClC-2. In Mlc1-null mice, we previously

found reduced expression of these proteins in perivascular

astrocytic endfeet and abolished expression in the Berg-

mann glia.18 Here, we describe a similar reduction for

ClC-2 in Glialcam-null mice. These results indicate that

expression of these proteins is interdependent in vivo. It

has been suggested that GlialCAM binds to itself, MLC1

and ClC-2 to direct correct protein localization at cell–cell
contacts.26,45 However, from an overall clinical stand-

point, this hypothesis conflicts with the observation that

recessive mutations in MLC1 and GLIALCAM on one

hand and in CLCN2 on the other cause two distinct phe-

notypes in humans with different MRI abnormalities.7,17

The finding, however, of an abolished expression in Berg-

mann glia from different MLC mouse and zebrafish mod-

els could be compatible with a selective vulnerability of

this specific astrocyte type to loss of MLC1 func-

tion.18,26,46 The recent report of GlialCAM mislocalization

in the Bergmann glia of an MLC patient supports this

possibility also in humans.46 Bergmann glia are a highly

diversified cell type that also subserve an important role

in extracellular ion homeostasis.47,48

Previous in vitro studies suggested a structural and/or

functional interaction of MLC1 with several proteins

involved in ion-water homeostasis, including ion and

water channels, transporters and accessory proteins, in

caveolae. Such interactions could be affected in MLC.49

In an MLC patient and in Mlc1-null mice, expression of

the potassium channel Kir4.1 was slightly increased and

redistributed along the cell processes of subpial astrocytes,

suggesting compensatory overexpression.18,32 For

unknown reasons, such changes do not occur in Glial-

cam-null animals. By contrast, expression of the water

channel aquaporin4 is not restricted to perivascular end-

feet, as is normal, but redistributed along the cell bodies

and processes of Glialcam-null astrocytes, whereas no

changes were detected in Mlc1-null mice.18 A similar

Figure 11. Comparing white matter vacuolization and astrocyte

process thickness in Gliacam-null and Mlc1-null mice. (A) Compared

to Mlc1-null mice, Glialcam-null animals have significantly more

prominent vacuoles in the cerebellar white matter, but less vacuoles

in the corpus callosum (N = 4 per genotype per age). (B) Astrocyte

process thickness is increased in both MLC mutant mice, but is

slightly higher in Mlc1-null18 than in Glialcam-null animals (N > 250

per genotype). *P < 0.05, ***P < 0.0001. Bars represent the standard

error of the mean.
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redistribution of aquaporin4 has been described in a rat

model of hydrocephalus, also interpreted as a compen-

satory phenomenon.50 Recent work suggests that MLC1

could also be involved in regulation of blood–brain bar-

rier permeability, implying that alteration of this astro-

cytic function could contribute to development of

edema.51 The severer white matter vacuolization in Glial-

cam-null than in Mlc1-null mice could explain the differ-

ence in aquaporin4 expression between the two MLC

mouse models. As previously reported for the Mlc1-null

mouse,18 we found no changes between Glialcam-null and

wild-type mice in the expression of the other MLC1-asso-

ciated or MLC1-interacting proteins, including a- and

b-dystroglycan, the b1 subunit of Na,K-ATPase, TRPV4,

ZO-1, and caveolin-1. Cell properties related to in vitro

experimental manipulation probably account for the

discrepancy between previous in vitro and our in vivo

results. Recent in vitro findings suggest specific roles for

MLC1 in astrocyte proliferation and maturation and in

down-regulating astrocyte response to injury.51 Notably,

however we found no evidence for delayed astrocyte matu-

ration or astrogliosis in both Mlc1-null18 and Glialcam-null

mice (not shown). LRRC8A has recently been identified as

an essential component of the mammalian VRAC.35,36

We found no differences in LRRC8A expression and sub-

cellular localization between wild-type, Glialcam-null and

Mlc1-null mice, which does not exclude a functional

interaction between the related proteins. Regarding the

differences between Mlc1-null and Glialcam-null mice, it

should be noted that, different from MLC1, GlialCAM is

not restricted to astrocyte endfeet, but has a wider distri-

bution17 and has functions independent of MLC1.45 It is

likely that loss of those other functions explains the dif-

ferences between the mutant mice.

In conclusion, Glialcam-null mice replicate the early

stage of the human disease MLC similar to Mlc1-null

mice. Both MLC mouse models develop intramyelinic

edema following a timeline that initially parallels develop-

mental myelination and increase in MLC1 and GlialCAM

expression as occurs in MLC patients. These mutant mice

are suitable for further studies on the cellular pathophysi-

ology of MLC, forming a valuable addition to the avail-

able in vitro models. Importantly, these mouse models

allow experiments aiming at rescuing MLC1 function in

early disease stages, when patients have megalencephaly

due to intramyelinic edema, but are otherwise still clini-

cally normal, as MLC mice are.
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